Isoprene and monoterpenes are highly reactive organic compounds, emitted by most plant species, which play an important role in air chemistry and air pollution. Different leaf-scale isoprenoid emission models are available. These models are scaled to the canopy through coupling them to terrestrial biogeochemical models and thus used to generate regional emissions inventories. Although the leaf scale models have been shown to perform similarly, large unexplained differences exist in regional emissions inventories. This may be explained in part by the complete lack of inter-comparisons of emission model estimates when scaled from the leaf to the canopy.
Introduction
Biogenic volatile organic compounds (BVOCs), which are emitted by most plants, are a highly important component of plant-atmosphere interactions. BVOCs play an important role in plant-insect communication (Laothawornkitkul et al., 2008; Miller et al., 2005) and in regional air chemistry (e.g., Fuentes et al., 2000; Kanakidou et al., 2005; Liakakou et al., 2007; Papiez et al., 2009 ). Indirectly, they also contribute to climate change by modifying the lifetime of methane (Poisson et al., 2000; Collins et al., 2002) . Due to their possible feedbacks in plant physiology and high importance for air chemistry (see Sharkey et al., 2008 for a review) simulating BVOC emission has been a major objective of modellers throughout the last 20 years. The developed approaches focus on the leaf scale emissions, due to the relative ease of obtaining leaf scale measurements. However, these leaf scale emissions must be scaled to the canopy for the estimation of site or regional emissions. A mechanistic representation of BVOC emission therefore requires the consideration of possible factors that affect emissions not only in time but also within the canopy.
Whilst the problem of estimating terrestrial BVOC emissions is of great concern both at the local and regional scale, the few methods available for estimating emissions have all been developed at the leaf scale (Guenther et al., 1993; Niinemets et al., 1999; Martin et al., 2000; Zimmer et al., 2000; Bäck et al., 2005) . Making reliable estimates of local or regional emissions necessitates scaling the short-term leaf level emission models to the forest canopy, and thus to the landscape. The most common scaling approach is of coupling the emissions model to a process based ecophysiological 0304-3800/$ -see front matter © 2010 Elsevier B.V. All rights reserved. doi:10.1016/j.ecolmodel.2010.11.004 model (which describes the forest structure and canopy micrometeorological conditions) (e.g., Lamb et al., 1993; Lenz et al., 1997; Baldocchi et al., 1999) . Only after such scaling can the emission models be used as input for mechanistic air chemistry models for further extrapolations (e.g., Collins et al., 2002; Kulmala et al., 2004; Tunved et al., 2006) . However, canopy scale data is very scarce (see Pacifico et al., 2009) , and limited to a few sites with specific conditions. Only relatively recently have methodologies such as eddy-covariance techniques been developed that allow quantitative measurements of canopy BVOC emission (Ciccioli et al., 2003; Spirig et al., 2005) . Thus the scaling of emissions to the canopy has as yet been subject to limited testing, with all studies known to the authors focused exclusively on the testing/comparing of one or more emissions model when scaled to the canopy level using a single ecophysiological model platform (thus omitting potential inter-platform differences) (e.g., Arneth et al., 2007; Keenan et al., 2009b; Grote et al., 2010) . In the vast majority of studies a particular model combination is then used directly to estimate regional or global emissions (with no discussion of inter-model variability), with results varying widely between studies (Arneth et al., 2008) .
The non-linearity of the relationships between photosynthesis on leaf nitrogen and absorbed light, and changes in leaf microenvironment with canopy depth, complicate the task of scaling leaf physiology to the canopy. It has long been acknowledged that the treatment of the canopy as one "big leaf" with mean characteristics and submitted to an average radiation flux leads to significant errors in estimating canopy level carbon and water fluxes (Sinclair et al., 1976; Spitters et al., 1986) . Canopy structure can theoretically be accounted for by either using a simple canopy stratification model, or a modified big-leaf approach with distinction of sunlit and shaded fractions (Raupach and Finnigan, 1988) . These methods differ in their treatment of the heterogeneity of the microclimate within canopy. An effective multilayer approach has been proposed which divides the canopy into multiple layers for which environmental and physiological variables are calculated and assimilation determined (e.g., Wang and Jarvis, 1990; Collatz et al., 1991; Lamb et al., 1993) . This approach allows the integration of within-canopy profiles, and is commonly applied in stand scale models, but is computationally relatively expensive, thus restricting its application over large regions. Even at the stand scale, its use is complicated by the lack of detailed within canopy measurements for parameterisation. On the other hand, sunlit and shaded leaves can be treated separately also in one or two layers only (e.g., Sinclair et al., 1976; Sellers et al., 1992; Amthor, 1994; Leuning et al., 1995) . The averaging of the radiation absorption caused by the reduction of the number of layers does not result in a loss of precision, because the response of the photosynthesis of shaded leaves to absorbed solar radiation is quasi-linear whilst sunlit leaves assimilate CO 2 at a constant saturated rate. In this manner, even one single layer can be used (with sun/shade division) (De Pury and Farquhar, 1997; Wang and Leuning, 1998) assuming that the vertical profiles of leaf photosynthetic capacity and absorbed radiation follow theoretical distributions that can be integrated analytically when they are multiplied by the vertical distribution of the sunlit/shaded area fraction.
These two kinds of canopy models have been expressively designed and tested to effectively model photosynthesis and transpiration under various conditions (e.g., Reynolds et al., 1992; Friend, 2001) . However, uncertainties associated with the choice of canopy microclimate models have been highlighted as potentially having a large impact on estimated emissions (Guenther et al., 2006; Grote, 2007) . Various model analyses (e.g., Larsen and Kershaw, 1996; Huber et al., 1999; Grote, 2007) have confirmed that the relative lack of knowledge of the spatial distribution of foliage increases the uncertainty in emission simulations (this conclusion has been questioned by Geron et al., 1997) . It therefore seems likely that the description of the canopy model (and the resulting distribution of temperature and light within the canopy) will have large ramifications for the estimated emissions, in particular when taking into account the different emission model sensitivities to temperature and light (Arneth et al., 2007; Keenan et al., 2009b) . This is of increasing importance when considering the potential impact of projected future climatic change and speciesspecific responses (e.g., Peñuelas and Llusia, 2001) . Studies show that the within canopy distributions of environmental conditions as well as foliage properties are highly important for scaling emission from the leaf to the canopy (Baldocchi et al., 1999; Harley et al., 2004; Grote, 2007) . Despite relatively extensive model testing (e.g., Arneth et al., 2007; Keenan et al., 2009b) , no study has assessed the effect that the chosen canopy model has on estimated emissions from different models. Differences in light and temperature distribution within a forest model canopy may in part explain the large reported differences (Arneth et al., 2008) in regional emissions inventory estimates.
Here, we couple four different isoprene emission models to two different ecosystem model platforms (MoBiLE and GOTILWA+), driven by the same climatic data at the same site, and constrained by continuous eddy-covariance carbon and water flux measurements. Each model platform applies one of the two most commonly used approaches to scale leaf emissions to the canopy (stratified vs. big leaf canopy descriptions), which we parameterise separately using canopy measurements from the same forest. We focus on isoprene because it is the most commonly modelled BVOC. Although Quercus ilex emits only small amounts of isoprene relative to monoterpenes, both emission types follow the same light and temperature dependent fashion and are modelled in the same way. Thus, it is assumed to be a suitable species to investigate the sensitivity of emissions from non-specific storages in general. Four isoprene emission models are coupled to each model platform, allowing us to test the effect the choice of canopy description has on estimated isoprene emissions.
Materials and methods

Site description and data availability
Data and simulations refer to a study site located 35 km NW of Montpellier (southern France) in the Puechabon State Forest (3 • 35 45 E, 43 • 44 29 N, elevation 270 m). Vegetation is largely dominated by a dense over-storey of holm oak (Q. ilex) trees (upper canopy height 6.0 m, rooting depth down to 4.5 m). The climate is typical Mediterranean with cool and wet winters and warm and dry summers. The mean annual temperature is 13.5 • C and mean annual precipitation is 872 mm. Soil texture is homogeneous down to 0.5 m depth and can be denoted as silty clay loam (referring to the textural triangle, United States Department of Agriculture), with a limestone rock base. For more details on the site see http://www.cefe.cnrs.fr/fe/puechabon/.
Due to the Mediterranean-type climate and the low water holding capacity (210 mm), the water content in summer falls regularly below the value at which water stress limitations to photosynthesis are expected (Rambal et al., 2003; Keenan et al., 2009a) . The timing and extent of soil water availability vary from year to year. Water content decreases to values close to the wilting point in almost every year. The selected example year, 2006, was slightly warmer and dryer than the long-term average (total precipitation 773 mm, annual average temperature of 14.1 • C, see also Allard et al., 2008) . Considering that the long-term average is derived from the past 30 years, and that the temperature is expected to increase by up to 5.1 • C by 2055 (Bravo et al., 2008) with co-occurring decreases in precipitation, 2006 is assumed to well represent current conditions.
Modelling platform
We use two different modelling platforms (MoBiLE, GOTILWA+) which are designed to couple one-dimensional models that describe different processes within the ecosystem. Both model platforms have been applied and validated extensively at the Puechabon site (Grote et al., 2009a Keenan et al., 2009a Keenan et al., , 2010a . These platforms are provided with climate data and initial variables for every (below-and aboveground) layer of the ecosystem from available site information or estimates. Short time step model results are aggregated in order to be used as input for models that run in larger time steps. The two model platforms differ considerably in their description of the canopy, representing two common approaches used to model forest canopies (stratified vs. big-leaf). In MoBiLE, the canopy is divided into a variable number of layers (here 40 layers), with each layer having both sunlit and shaded fractions. In GOTILWA+, a big leaf approach is taken, with leaves in the canopy assigned to be either sunlit or shaded leaves. Each of the four considered isoprene emission models (see below) was coupled separately to the photosynthetic submodel of the two biosphere modelling platforms.
Biosphere model platforms
2.3.1. GOTILWA+ GOTILWA+ (Growth Of Trees Is Limited by WAter) (Gracia et al., 1999; Keenan et al., 2009a Keenan et al., ,b,c, 2010a  www.creaf.uab.es/GOTILWA+) is a process-based forest model that has been developed to simulate carbon and water fluxes from forest ecosystems and to explore how the functioning of forests is influenced by climate, tree stand structure, management techniques and soil properties. Carbon and water fluxes of forests are simulated for different environmental conditions, for different tree species, and under changing environmental conditions that result from either climatic modifications or from alterations in management regime.
The GOTILWA+ model includes a two-leaf canopy photosynthetic model (Wang and Leuning, 1998; Dai et al., 2004) , which treats the C3 photosynthetic pathway. The canopy is divided into two parts -sunlit and shaded leaves. The amount of intercepted diffuse and direct radiation (and thus the proportion of sunlit vs. shaded leaves) depends on the time of the day, season (solar angle), and the area of leaf exposed to the sun (leaf angle) (Campbell, 1986; Wang and Jarvis, 1988) . Leaf temperature is calculated by closing the energy balance separately for both sunlit and shaded leaves.
Foliage net assimilation rates are calculated using the Farquhar et al. (1980) photosynthesis model, with dependencies on intercepted quantum flux density, species-specific photosynthetic capacities, leaf temperature, and leaf intercellular CO 2 concentration (Ci). The canopy average (over space and time) maximum RuBP (ribulose-1,5-bisphosphate) saturated rate of carboxylation, Vc max , and the maximum rate of electron transport, J max , were calculated following Farquhar et al. (1980) and De Pury and Farquhar (1997) . Due to model specific differences in light and temperature distribution within the canopy, Vc max and J max need to be calibrated for site specific applications. Here they were calibrated using the diurnal cycles of observed canopy carbon fluxes for the well-watered 'golden day' periods (see Keenan et al., 2009a for model parameterisation at Puechabon). Other photosynthetic parameters were taken from Bernacchi et al. (2001) . Stomatal conductance is calculated using the Leuning et al. model (Leuning et al., 1995) , the advancement of Ball et al. (1987) model. Other model parameters were set to either site specific (when available) or species specific parameters, as in Gracia et al. (1999) . The GOTILWA+ model has previously been used at the Puechabon site and accurately reproduces carbon and water fluxes (Keenan et al., 2009a (Keenan et al., , 2010a ). Drought stress was considered for the baseline simulation of canopy photosynthesis, to compare against carbon flux measurements (Fig. 2) . A lumped soil approach using a single bucket model was taken as outlined in Keenan et al. (2009a) . Soil water stress is not considered in the other simulations presented in this study, therefore results are independent of soil water content.
The MoBiLE model platform
The MoBiLE (Modular Biosphere simuLation Environment) platform (Grote, 2007; Grote et al., 2009a,b; Holst et al., 2010; Grote et al., 2010) uses the ECM (empirical canopy model) to calculate radiation, temperature, vapour pressure, and wind profiles for a given canopy. The canopy is split into a maximum of 40 separate canopy layers. Leaf area is distributed among these layers, according to Grote (2003) and Grote (2007) , with the highest concentration of leaves near the uppermost layer (Fig. 1) . Sunlit and shaded fractions of the foliage are differentiated for each layer and separately used for photosynthesis (Spitters, 1986; Spitters et al., 1986) , with the radiation regime determined using a simple one-dimensional light extinction scheme (Fig. 1) . Temperature development is given by an empirical function that determines a temperature value in each layer that is between input temperature (assumed to be measured 2 m above canopy) and soil surface. Soil surface temperature is calculated following Li et al. (1992) on the basis of heat capacity and conductance of the soil components in each soil layer.
Photosynthesis for both the sunlit and shaded fractions of each layer is calculated using the common Farquhar approach (Farquhar and von Caemmerer, 1982) along with the parameterisation provided by Long (1991) . Stomatal conductance is derived with the approach suggested by Ball et al. (1987) . Photosynthesis from sunlit and shaded foliage is pooled over each layer for emission input. Soil water stress is accounted for by the stomatal conductance calculations inherent in the model and additionally by means of a reduction in the rate of electron transport, and the maximum carboxylation capacity (Vc max ) (Keenan et al., 2009a) . For the validation of the canopy photosynthesis module (Fig. 2) , soil water content was calculated by the QUERCUS model (Rambal, 1993; Rambal et al., 2003; Grote et al., 2009a) , using a lumped approach on soil water conditions, considering the whole soil as one layer. The model has been formerly parameterised at the Puechabon site (see Grote et al., 2009a for details). All other simulation experi- (Keenan et al., 2009a) , and the MoBiLE (red, dashed lines) platform model (Grote, 2007) at Puechabon. Non water stressed simulations for both models are represented in grey. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) ments consider soil water content to be constantly at maximum, and are thus independent of simulated soil water.
In both model platforms, the photosynthesis and emission models are run on an hourly time step. The boundary conditions for emissions, i.e. canopy microclimate, enzyme activities or basal emission factors, and leaf development states are updated daily. Canopy isoprene and monoterpene emission rates were calculated on an hourly basis as the sum of the sunlit and shaded leaf layers using their specific leaf temperature and incident radiation values.
Parameterising the canopy structure in the model platforms
The canopy structure in both models has been parameterised, according to the respective model requirements, using data from the same forest (Sala et al., 1994) . Detailed parameterisation of the MoBiLE canopy distribution model is given in Grote (2007) (Fig. 1) , where data taken from Sala et al. (1994) is used to distribute leaf area over the 40 layered canopy.
In the GOTILWA+ model platform, the Campbell (1986) ellipsoid distribution approach is taken, which takes into account the leaf area index (which determines the amount of intercepting surface) and the leaf angle which changes the amount of light that the leaf absorbs, and the angular position of the sun, on an hourly basis. The radiation extinction coefficient within a canopy is calculated using an ellipsoidal leaf angle distribution. The leaf angle distribution of a canopy is represented by the distribution of the area on the surface of an ellipsoid. The ratio of vertical to horizontal projections of foliage volume determines the shape of the distribution. The model was parameterised using measurements made with the AccuPAR LP-80 Ceptometer device (Decagon Devices Inc.) (Sabaté, 1993; Sala, 1992) .
Isoprene emission models
Few models are available for the simulation of isoprene emissions. We coupled the following four commonly used isoprene emission models, of varying complexity, to the two biosphere models.
(1) The Guenther et al. model (Guenther et al., 1993 (Guenther et al., , 1995 Geron et al., 1994; Guenther, 1997) calculates isoprene emissions from a plant species-specific standardised emission factor (E s ), the rate determined at a leaf temperature (T) of 30 • C and a photon flux density (Q) of 1000 mol m −2 s −1 . Emissions vary nonlinearly in response to changing leaf temperature and radiation at the leaf surface. Up-scaling to the canopy level has been proposed using light-transfer and canopy characteristics (e.g., foliar density, or leaf specific weight; e.g., Lamb et al., 1996; Baldocchi et al., 1999; Huber et al., 1999) . This has recently been modified to include the effect of seasonality and leaf age on emissions in the MEGAN version (Guenther et al., 2006) . (2) The Martin et al. model (2000) , calculates isoprene production as the result of three potentially rate limiting processes: the supply of carbon to isoprene synthesis via pyruvate formed by ribulose-1,5-bisphosphate (RuBP) carboxylation, the supply of ATP by phosphorylation needed to produce DMAPP from the C-substrate, and the maximum capacity of isoprene-synthase. (3) The BIM2 model (Grote et al., 2006) , describes isoprene production by a set of reactions that account for the transient changes in pool sizes along the pathway from the C-3 precursors to isoprene, each controlled by Michaelis-Menten kinetics with specific reaction velocities. (4) The Niinemets et al. model (2002) , considers the supply of DMAPP for isoprene synthesis and isoprene synthase activity to be the primary control processes. Photosynthetic electron transport rate supplies the required ATP and NADPH for carbon reduction to isoprene; it is assumed that a certain fraction of electrons is available for isoprene synthesis and that the competitive metabolic strength of the isoprene synthesis pathway is proportional to the total activity of isoprene synthase in the leaves.
Seasonality in models 2-4 was accounted for through the dynamic calculation of the basal isoprene emission factor or enzyme activity, respectively, using the SIM model (Lehning et al., 2001; Grote et al., 2010) . Further details of model implementation are given in Grote et al. (2010) , Grote et al. (2010) and Keenan et al. (2009b,c) .
Direct soil water deficit impacts in the emission models
A strong reduction of VOC emissions is observed in most cases after strong seasonal soil water stress (Llusia and Penuelas, 1998; Pegoraro et al., 2006; Lavoir et al., 2009 ), though in some cases an increase in emissions has been reported (Pegoraro et al., 2007) . Soil water deficit impacts on emissions can be realized either directly by reducing emissions in line with reductions in soil water availability, or indirectly by reduced photosynthesis, depending on the isoprenoid model considered . In order to allow us to focus on emission model and model platform differences, soil water deficit impacts are excluded in our model experiments (soil moisture is fixed to maximum soil water holding capacity at all times), with the exception of the model canopy photosynthesis validation against eddy-covariance measurements (Fig. 2) .
Simulated boundary conditions and other model constraints
We use eddy-covariance flux data from 2006 at the Puechabon site to evaluate the boundary conditions for simulated photosynthesis at the canopy scale, along with previously published climatic boundary data (averages 1998-2006 are presented in Allard et al., 2008) . This tower is part of the CarboEurope network and applies standardised eddy covariance methods for measurement and calculation of the carbon dioxide exchange between the forest and the atmosphere (see Wilson et al., 2002; Baldocchi, 2003) . Model platform dependent Vc max and J max values are individually fitted for each model to canopy-scale gross primary production. Due to inherent model differences (see, for example, Keenan et al., 2009a) , this resulted in model parameteri- For MoBiLE, the distribution of the sunlit and shaded contributions to total canopy photosynthesis is broken down into the separate layers (layer heights start at 6 m (layer 40), and decrease by 15 cm for each layer).
sations of 35 and 70 mol m −2 s −1 for Vc max and J max , respectively, for GOTILWA+, and 46 and 81 mol m −2 s −1 for the MoBiLE model platform (with MoBiLE Vc max scaled linearly through the canopy assuming a linear relation with specific leaf area; Niinemets et al., 2002) . The total leaf area index (LAI, m 2 m −2 ) and its seasonal evolution were set to be the same in both model platforms (thus eliminating variance introduced in emission estimates by differences in simulated LAI). Both the GOTILWA+ and the MoBiLE model platforms have previously been shown to perform well at the Puechabon site (Grote et al., 2009a; Keenan et al., 2009a Keenan et al., , 2010a .
Results
Simulations for 2006 from both GOTILWA+ and the MoBiLE model platforms (considering water stress effects) were first compared against CO 2 flux measurements. Both models show some overestimation of canopy assimilated carbon in springtime and underestimations during the start and end of the summer dry season (Fig. 2) . The overestimation in spring might be attributed to a loss of foliage because of an insect attack (gypsy moth) in 2005 (Staudt and Lhoutellier, 2007; Rambal, personal communication) . This led to a low correlation (especially when compared to previously published correlations for other years at this site; Keenan et al., 2009a) between both models and the data (r 2 = 0.48). There was no significant difference between the two models however (p < 0.001), showing that canopy photosynthesis was equally well simulated by both. When the effect of water availability was removed (soil water content set to maximum soil water holding capacity at all times), both models also responded similarly, reaching maximum assimilation values of around 10 g c m −2 d −1 , with no statistical difference between the two models (p < 0.001).
Carbon is assimilated in the canopy either by leaves which receive direct or diffuse radiation (sunlit or shaded leaves). Sunlit leaves contributed 56% of the total annual budget of carbon assimilated in the GOTILWA+ model (Fig. 3) , whilst in the MoBiLE model, the shaded leaves were responsible for the greatest proportion (73%) of carbon assimilated (Fig. 3) , with the highest contribution coming from the uppermost layers (Fig. 3, right panel) .
Simulated isoprene emissions were observed to be highly dependent both on the model platform used (GOTILWA+ or MoBiLE) , and the choice of isoprene emissions model (Niinemets et al. model, MEGAN, BIM2 model, Martin et al. model) (Fig. 4) . All models except the BIM2 model (which was originally designed to be coupled to the MoBiLE model platform) gave higher emissions when coupled to the GOTILWA+ model platform than when coupled to the MoBiLE model platform. (Table 1) . These model differences were largely concentrated during months with high temperature and radiation. Of all the models, the BIM2 model proved to give the most consistent results between model platforms, potentially due to it being highly constrained by modelled emission precursors.
Sun-light leaves contributed four times more emissions than shaded leaves in the GOTILWA+ model platform (Fig. 5) . This was emission model dependent with the Martin et al. model being the most sensitive, followed by the MEGAN and Niinemets et al. models. In contrast, shaded leaves made the highest contribution (3.5 times that of sunlit leaves) to the overall budget in the MoBiLE model platform. The emission models in the MoBiLE platform showed the same order of sensitivity as that observed in the GOTILWA+ model platform.
The magnitude of daily variation in emission estimates from the emission models was very similar when coupled to either the GOTILWA+ or MoBiLE model platform (Fig. 6) . The correlation between daily isoprene emissions from the two model platforms was very high, with an average r 2 of 0.94 over all emission models. The lowest correlation was observed for the Niinemets et al. model, where emissions from the GOTILWA+ model platform were observed to plateau during peak summer conditions, whilst emissions continued to increase in the MoBiLE model. A strongly linear trend was observed for each of the other emission models. The BIM2 model was the only model to give higher emissions in the MoBiLE model platform than in the GOTILWA+ model platform -giving 14% higher emissions in MoBiLE, regardless of the emission level.
The daily differences of emissions modelled by the GOTILWA+ and MoBiLE model platforms showed a strong correlation with air temperature (over a restricted range of radiation) (Fig. 7a) . Increasing air temperature over a reference range of radiation led to a quasi-linear increase in the difference between predicted emissions from the two model platforms. This was truly independent of the emissions model chosen, with the exception of the BIM2 model, which showed a good correlation between the two model platforms (Fig. 6) . The same was not true for radiation. The difference between emissions from the GOTILWA+ and MoBiLE model platforms was largely independent of changes in global radiation (r 2 between 0.04 and 0.25) (Fig. 7b) . This suggests that the manner in which air temperature affects the energy balance of the canopy, and is partitioned between sunlit and shaded leaves in both model platforms, is responsible for the differences observed in emission estimates.
Discussion
To our knowledge, this is the first time different BVOC emission modelling approaches have been run in parallel using two different ecophysiological model platforms. The results show that the approach taken to scale leaf level emissions provided by the emission models to the canopy, in this case through a multi-layer or single layer canopy model, can have large repercussions on the total canopy emissions budget. This study highlights yet another area of uncertainty in modelling of canopy level and regional BVOC emissions, adding to the growing body of the literature suggesting that we are overconfident about our ability to accurately model BVOC emissions from terrestrial vegetation either in the present (Arneth et al., 2008; Grote et al., 2010) or the future (Keenan et al., 2009b) , and thus presumably the past.
Total canopy carbon assimilation was modelled to a similar accuracy by both the GOTILWA+ and MoBiLE model platforms. There was no statistical difference between daily assimilated carbon in the two models when considering the canopy as a whole. Although the modelled assimilation rates from the two models were very similar, and matched the measurements with the same degree of accuracy, the contribution of the sunlit and shaded frac- Table 1 Simulated canopy average leaf isoprene emissions (mgc m −2
Leaf period −1 ) using each of the emission models (Niin: Niinemets et al., 1999 Niinemets et al., , 2002 MEGAN: Guenther et al., 2006; BIM2: Grote et al., 2006; MART: Martin et al., 2000) coupled to both GOTILWA+ (Keenan et al., 2009b,c) , and the MoBiLE platform model (Grote, 2007; Grote et al., 2010) , for the periods JFM (January, February, March), AMJ (April, May, June), JAS (July, August, September), and OND (October, November, December), for the Quercus ilex forest at Puechabon in 2006. Contribution of sunlit and shaded leaves to annual canopy isoprene emissions (mgc m −2 a −1 ) using each of the emission models (Niinemets et al., 1999 (Niinemets et al., , 2002 MEGAN: Guenther et al., 2006; BIM2: Grote et al., 2006; Martin: Martin et al., 2000) coupled to both GOTILWA+ (Keenan et al., 2009b,c) , and the (Grote, 2007) tions (see for example Caldwell et al., 1986; Reynolds et al., 1992; Sala et al., 1994 ) of the models was very different. The differences in sunlit and shaded contributions were traced to differences in temperature (Fig. 7a ) (GOTILWA+ had higher sunlit temperature than MoBiLE, whilst the reverse was true for shaded leaves). This is quite remarkable, and raises some serious questions about the validity of validating ecophysiological models of terrestrial vegetation on gross canopy fluxes, as has often been done in the past (e.g., Kramer et al., 2002; Hanson et al., 2004; Chiesi et al., 2005; Falge et al., 2005; Morales et al., 2005) . It is clear that measurements of contributions from both sun and shade leaves, and temperature gradients within the canopy are necessary for a thorough validation of such models.
Relative isoprene emission model differences for model platforms were much higher than differences due to the varying representations of soil water stress and seasonality reported for monoterpene emissions at the same site . This observation is consistent with the conclusions of a recent paper 'Why are estimates of global terrestrial isoprene emissions so similar (and why is this not so for monoterpenes)?' (Arneth et al., 2008) , in that the apparent convergence of estimates of global terrestrial BVOC emissions is in stark contrast to our understanding of the underlying processes and may be 'an illusion' (possibly due to model benchmarking) -that the actual terrestrial emissions are in fact unknown. The emission model differences reported here reflect model dependent sensitivities in temperature and radiation responses (see Arneth et al., 2007, Figs. 1 and 2) .
Inter model platform emission estimate differences were shown to be much higher than inter emission model differences. The difference in emissions from both model platforms was largely due to different contributions from sun-light and shaded leaves (Fig. 5) and model platform dependent sensitivity to air temperature. For emission models coupled to the GOTILWA+ model platform, sunlight leaves contributed a large majority of emissions, whilst for the MoBiLE model platform, shaded leaves made the highest contribution to the overall budget. It should be noted that the model platform dependent sensitivity of emissions to air temperature totals reflects a higher sensitivity of emission models than the carbon assimilation model to canopy structure.
Model differences reflect differences in emission model sensitivity to radiation and temperature distribution within the canopy (Arneth et al., 2007; Keenan et al., 2009b) . The Guenther et al. model showed the highest inter model platform difference in emissions, followed by the Martin et al. and Niinemets et al. models . The BIM2 model showed the lowest inter-model platform difference. This is the first time the BIM2 model has been used outside of its native birth-model. The lower sensitivity of the BIM2 model to model platform when compared to the other emission models, possibly due to its strong dependence on emissions precursors, merits further investigation. The sensitivity of the emission estimates to the model platform used to scale emissions from the leaf to the canopy is much higher than the previously reported sensitivity of emissions to mass and area distribution with the canopy of a model platform (Grote, 2007) .
Plant canopies are characterized by large gradients in microclimatic factors such as light, temperature, humidity and wind -with as much as a 50-fold difference between canopy top vs. bottom (e.g., Lieffers et al., 1999; Pearcy et al., 2005; Pearcy, 2007; see Niinemets and Valladares, 2004 for a review). Every leaf in the canopy is exposed to unique combinations of environmental variables, leading to distinct structural and physiological traits (e.g., Kull, 2002; Anten, 2005 , for reviews; Niinemets, 2007) . Modelling bulk canopy photosynthesis, conductance and BVOC emissions is therefore not trivial, and this has led to the development of complex models for simulating both temporal and spatial variability in environmental drivers and photosynthetic potentials (e.g., Baldocchi and Harley, 1995; Baldocchi and Amthor, 2001; Medlyn, 2004) . It has long been acknowledged that there is a tradeoff between canopy complexity and accuracy (Cowan, 1968 , but see Niinemets and Anten, 2009 ). However, notwithstanding the inherent complexity, and the highly non-linear response of photosynthesis to light, temperature and humidity, estimates of whole canopy photosynthesis and conductance have been shown to be relatively insensitive to a range of 'big-leaf' simplifications (Sellers et al., 1992; Amthor, 1994; Lloyd et al., 1995; Friend, 2001; Kull, 2002; Dai et al., 2004) . The effect of canopy complexity on BVOC emissions has received no such attention, in spite of reports of various physiological adaptations to canopy climate (Niinemets, 2007) , and the larger sensitivity of emissions to light and temperature gradients than that of photosynthesis and conductance. Here we have shown that emissions are much more sensitive to assumptions regarding canopy structure than is photosynthesis.
The question of the correct method for scaling emissions from the leaf to the canopy cannot be answered by this study. Although it has long been acknowledged that the assumption of a constant average assimilation potential for all leaves in the canopy results in significant error of whole canopy photosynthesis (e.g., Hirose and Werger, 1987; Gutschick and Wiegel, 1988; Baldocchi and Harley, 1995) , only recently has such attention been paid to spatial differentiation in emission potentials . Emissions are known to show high within canopy variability (Guenther et al., 1991; Harley et al., 1996 Harley et al., , 1997 Kesselmeier and Staudt, 1999; Lerdau and Throop, 2000; Funk et al., 2005 Funk et al., , 2006 . Thus, for estimating model emissions it is likely that the scaling models need to consider both within-canopy spatial and temporal variations in microclimate as well as spatial variation in foliage assimilation potentials. This would potentially lend weight to the argument that a multi-layered approach is necessary.
It should be noted that the model platform dependent differences in emissions present here are conservative, due to the constraining of both model platform simulated leaf area, and simulated photosynthetic activity (through the comparison of both model platforms with FLUXNET data). Total modelled canopy emissions are highly dependent on the leaf area (Grote, 2007) , and thus unrestrained leaf area would introduce even more variability in between model differences in estimated emissions. All considered emission models, with the exception of the Guenther et al. model , are linked to the photosynthetic apparatus (Niinemets et al., 2002 ) -thus differences in total bulk canopy photosynthetic activity would also introduce further variability into differences in the between model emissions estimates.
It is notable that no existing emission model has been shown to perform consistently better (Arneth et al., 2007) , and this study is the first in which the effect of canopy structure has been analysed using different canopy models. This is due both to a lack of detailed model inter-comparisons, and a lack of good quality data with which to test the models. We urge for further efforts in the assessment of both the emission models and the way in which they are scaled to the canopy level. To this end, comprehensive measurement campaigns are badly needed (Grote and Niinemets, 2008; Monson et al., 2007) . The importance of considering results from a variety of emission models has been recently brought to light (Keenan et al., 2009b,c; Grote et al., 2010) . Here we have shown that emission estimates are not only emissions model dependent but can also depend to an even greater degree on the ecophysiological model platform used to scale from the leaf to the landscape. The importance of model ensembles has long been recognised in most fields of terrestrial modelling (see Valle et al., 2009) . We suggest that it is time for model ensembles of both emission models and model platforms to be introduced in BVOC modelling studies in order to reduce the large uncertainty associated with terrestrial emissions of BVOCs.
Conclusions
We conclude that inter emission model differences are very large, and although daily variability is effectively transferred between model platforms, inter-model platform differences in estimated emissions can be even larger. This is a fact that has been completely omitted in the scientific literature regarding the modelling of BVOC emissions, and has large ramifications both for emission modelling and for those studies that use emission results (e.g., atmospheric chemistry models). We show that emissions are more sensitive to assumptions regarding canopy structure than is photosynthesis, and the main culprit for model differences is the treatment of leaf temperature within the canopy. Given the importance of BVOCs, major steps need to be taken in order to reduce the uncertainty associated with estimates of terrestrial emissions of biogenic volatile organic compounds. Coordinated field campaigns (in particular in areas subjected to high temperatures and radiation) of BVOC measurements (and the measurement of their precursors) both above and throughout the canopy, coupled with further efforts in the development of new modelling approaches and synergies (Grote and Niinemets, 2008; Monson et al., 2007) are needed. Until great advances are made in our ability to effectively model BVOC emissions, all modelled emission estimates should be accompanied by a consideration of the huge underlying uncertainty -and an acknowledgment that the real emissions are indeed unknown (Arneth et al., 2008) .
